Abstract: Long-term exposure to high radon concentration exerts pathological effects and elicits changes in respiratory function, increasing an individual's risk of developing lung cancer. In health risk assessment of indoor radon, consideration of long-term exposure thereto is necessary to identify a relationship between indoor radon exposure and lung cancer. However, measuring long-term indoor radon concentration can be difficult, and a statistical model for predicting mean annual indoor radon concentrations may be readily applicable. We investigated the predictability of mean annual radon concentrations using national data on indoor radon concentrations throughout the spring, summer, fall, and winter seasons in Korea. Indoor radon concentrations in Korea were highest in the winter and lowest in the summer. We derived seasonal correction and seasonal adjustment factors for each season based on the method proposed by previous study. However, these factors may not be readily applicable unless measured in a specific season. In this paper, we separate seasonal correction factors for each month of the year (new correction factors) based on correlations between indoor radon and meteorological factors according to housing type. To evaluate the correction factors, we assessed differences between estimated and measured mean annual radon concentrations. Roughly 97% of the estimated values were within ±40 Bq/m 3 of actual measured values in detached houses, and roughly 85-87% of the estimated values were within ±40 Bq/m 3 of the measured values in other residences. In most cases, the seasonal correction factors and the new correction factors had slightly better agreement than the seasonal adjustment factor. For predicting mean annual radon concentrations, the seasonal correction factors or seasonal adjustment factors can be of use when actual measurements of indoor radon concentrations for a specific season are available. Otherwise, the new correction factors may be more readily applicable.
Introduction
Radon is a major component of natural radiation that causes lung cancer, the second leading cause after smoking [1] . Radon in soil, building materials, outdoor air, and underground water enters indoors via various transfer mechanisms, and currently, many people spend most of their time in an indoor environment. Therefore, it is important to assess the health effects stemming from exposure to radon indoors. The health risk associated with exposure to radon indoors depends on the concentration thereof, the length of exposure, and indoor ventilation [2] [3] [4] [5] . In health risk assessment of indoor radon, long-term exposure thereto must be considered to identify a relationship between indoor radon exposure and lung cancer.
According to an United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) report [6] , annual effective doses of radon are to be calculated as follows:
where Q is the mean annual radon concentration, F is the equilibrium factor between indoor radon and its decay product, T is the annual residential time, and K is the dose conversion coefficient. Therefrom, the annual effective dose can be assessed using annual radon concentrations and the annual lengths of time spent in a particular residence for individual occupants. In Korea, the official method designated by the Korean Ministry of Environment for measuring indoor radon concentrations utilizes the average concentration thereof over 3 months. However, as indoor radon concentrations can vary seasonally, an average over 3 months may not accurately represent mean annual radon concentrations. Several countries have studied seasonal variations in indoor radon concentrations, and have reported similar patterns, with high concentrations in the winter and low concentrations in the summer. Moreover, researchers have established seasonal adjustment models, and derived seasonal correction factors for health risk assessment and management of indoor radon. Wrixon et al. [7] derived the first seasonal correction factors based on two consecutive measurements at 6-month intervals at 2300 residences in the UK. Thereafter, Pinel et al. [8] developed a model for determining seasonal correction factors for all 12 months of the year based on two 6-month measurements collected in the UK. In Canada, Krewski et al. [9] developed a simple multiplicative model for radon concentrations in residences based on data from a study conducted in Winnipeg, Canada. Additionally, Denman et al. [10] and Miles et al. [11] derived seasonal correction factors based on measurements at 3-month intervals in the UK. Additionally, in a recent study, Daraktchieva [12] showed a strong negative correlation between modeled indoor radon data and outdoor temperatures. With this relationship, new correction factors have been obtained. Meanwhile, studies in other countries, including France, Ireland, and Poland, have also derived and utilized correction factors [13] [14] [15] .
For Korea, Lee et al. [16] calculated seasonal correction factors using the method proposed by Pinel et al. [8] and measurements at 3-month intervals conducted by the Korea Institute of Nuclear Safety (KINS) and the National Institute of Environmental Research (NIER). However, these correction factors might not be generally applicable if the measurements were taken over two or more seasons. Accordingly, we suggest that seasonal correction factors should be divided into separate factors for each month of the year. Thus, in this study, we derived seasonal correction and seasonal adjustment factors using the method proposed by Pinel et al. [8] based on data from surveys by the KINS and NIER. In addition, in the development of a model for predicting annual radon concentrations, we considered meteorological factors and separate seasonal correction factors for each month of the year (new correction factors). Finally, we compared the accuracies of 1-year predictions of annual indoor radon concentrations based on the new correction factors and those based on seasonal correction factors calculated using the method proposed by Pinel et al. [8] .
Materials and Methods

Seasonal Variation of Indoor Radon Concentrations
Indoor radon concentrations at 3893 residences were measured during the spring (March-May), summer (June-August), fall (September-November), and winter (December-February) in 2005 by the KINS. In a later survey, indoor radon concentrations at 1154 residences were measured during the four seasons in 2010-2011 by the NIER. The two surveys were carried out using alpha track detectors, and included information on the type of residence and region.
Only dwellings that were monitored in all four seasons were used in this study. In addition, dwellings that had seasonal radon concentrations less than 3.7 Bq/m 3 , based on valid measures for the radon monitor, were excluded from the analysis and modeling. In all, 2518 of the 3893 dwellings and 633 of the 1154 dwellings surveyed by KINS and NIER, respectively, were used in this study. Table 1 provides a summary of the two surveys. As shown in Table 1 , indoor radon concentrations were highest in the winter and lowest in the summer. To compare ratios of concentrations in the winter and summer by region, we used an analysis of variance (ANOVA) and Tukey's honest significant difference (HSD) test (R version 3.4.2). The ratios of winter to summer concentrations were significantly different among the regional groups (p < 0.001, ANOVA). However, we found little significance in dividing regions according the ratio of winter to summer concentrations (Tukey's HSD). Meanwhile, the ratios of winter to summer concentrations were significantly different among residential types (p < 0.001, ANOVA). Moreover, results were significant according to detached houses and other types of residences using data from the KINS and NIER, respectively (p < 0.001, Tukey's HSD). Overall, there was a significant difference between detached houses and other residences. Therefore, we derived seasonal correction factors according to housing type. Table 2 summarizes of the ratios of winter to summer concentrations of indoor radon according to housing type. 
Seasonal Correction Factors
Predicted mean annual radon concentrations are calculated by multiplying the concentration measured during month j by the correction factor s (t) j as follows:
where M (12) denotes a full 12 months of measurement results, s
j denotes the seasonal correction factors, where j = 1, . . . , 12, and M (t) denotes the radon concentration measured during the t months, where t = 1, . . . , 12. In this formula, the seasonal correction factor s (t) j is calculated as
where t denotes the measurement period, and m k denotes the integrated radon concentration in month j, where j = 1, . . . , 12 with the convention that m k+12 = m k [8] . The quantity m k might be interpreted as the geometric mean radon concentration in month k for the population of dwellings [8, 9] .
Since we only had four seasonal datasets, letting t = 3 and j = 1, 4, 7, and 12, ∑ 12 k=1 m k /12 might be interpreted as the annual geometric mean radon concentration, and ∑ j+2 k=j m k /3 might be interpreted as the geometric mean radon concentration for each season in this study. Then, the seasonal correction factor for each season was derived. Furthermore, the seasonal adjustment factorŝ (t) j could also be obtained with the monthly adjusted radon concentrationm k . In the next section, we present the seasonal variation model proposed by Pinel et al. [8] .
Seasonal Adjustment Factor
Since indoor radon concentrations exhibit seasonal periodicity, we assumed that patterns of seasonal variations can be represented by the Fourier series as a linear combination of sine and cosine functions. Meanwhile, since we only had four seasonal datasets, we considered a simpler model:
where C j denotes the radon concentration in month j, and α 0 , α 1 , and α 2 denote the Fourier coefficients. Then, the geometric mean radon concentration in month j for the population of dwellings m j might be also represented by
It was not possible to apply this formula directly because the data in this study contained only 3-month measurements in four seasons rather than dividing into 12 months. Therefore, we obtained the Fourier coefficients α 0 , α 1 , and α 2 based on the seasonal mean radon concentrations of the original data using the least-square regression method.
Since the pattern of variations assumed was sinusoidal, the monthly adjusted radon concentrations could be calculated using Equation (5) . Figure 1 shows the monthly geometric mean of estimated indoor radon concentrations using Equation (5), and Table 3 shows the measured and estimated seasonal variations of indoor radon concentration for the different types of houses. From Equation (5), together with estimates from Table 3 , the seasonal adjustment factors ( ) could be obtained as follows:
In Equation (6), letting = 3, and = 1,4, 7, and 12, the seasonal adjustment factor for each season could be derived.
New Correction Factors
The aim of this study was to divide seasonal correction factors for twelve separate month factors for general applicability. For this, we considered meteorological factors, such as outdoor temperature, as there were several studies about a correlation between indoor radon and outdoor temperature. Baysson et al. [13] and Krewski et al. [9] showed that indoor radon is correlated well with mean monthly outdoor temperatures. A study by Daraktchieva [12] also documented a strong negative correlation between geometric mean radon concentrations and mean monthly outdoor temperature (r = −0.99). However, a weak correlation between indoor radon and outdoor temperatures was noted under particular situations, such as being underground and a room that was unoccupied, by Denman et al. [10] and Groves-Kirkby et al. [17] .
To investigate the correlation between indoor radon and outdoor temperature, we needed to obtain monthly radon concentrations. Since we had only datasets for four seasons, we estimated monthly indoor radon concentrations using Fourier series as mentioned in the previous section. In From Equation (5), together with estimates m k from Table 3 , the seasonal adjustment factors s (t) j could be obtained as follows:
In Equation (6), letting t = 3, and j = 1, 4, 7, and 12, the seasonal adjustment factor for each season could be derived.
To investigate the correlation between indoor radon and outdoor temperature, we needed to obtain monthly radon concentrations. Since we had only datasets for four seasons, we estimated monthly indoor radon concentrations using Fourier series as mentioned in the previous section. In Equation (4), unlike previous sections, we used geometric mean and the log-transformed radon data, log C j instead of arithmetic mean and C j , respectively, for log-normal distribution of indoor radon concentrations. From the assumption of seasonal periodicity of indoor radon, the log-transformed radon data log C j can be represented by log C j = α 0 + α 1 sin j 12 2π + α 2 cos j 12 2π (7) Figure 2 shows the monthly geometric mean of estimated indoor radon concentrations using Equation (7), and Table 4 shows the measured and predicted seasonal variations of indoor radon concentration in different types of houses. Equation (4), unlike previous sections, we used geometric mean and the log-transformed radon data, log instead of arithmetic mean and , respectively, for log-normal distribution of indoor radon concentrations. From the assumption of seasonal periodicity of indoor radon, the log-transformed radon data log can be represented by log = + sin 12 2 + cos 12 2 (7) Figure 2 shows the monthly geometric mean of estimated indoor radon concentrations using Equation (7), and Table 4 shows the measured and predicted seasonal variations of indoor radon concentration in different types of houses. Using the monthly geometric mean of estimated indoor radon concentrations obtained from Equation (7), indoor radon and outdoor temperature in Korea were negatively correlated for detached houses and other residences (r = −0.88 and r = −0.72, respectively): it was weaker than a noted correlation in the UK [12] . The result could be explained by radon patterns in the spring and fall. In detail, the highest concentrations of radon are found in the winter, followed by the fall, spring, and summer. Meanwhile, the highest outdoor temperatures in Korea are recorded in the summer, followed by the fall, spring, and winter ( Figure 3 ). Using the monthly geometric mean of estimated indoor radon concentrations obtained from Equation (7), indoor radon and outdoor temperature in Korea were negatively correlated for detached houses and other residences (r = −0.88 and r = −0.72, respectively): it was weaker than a noted correlation in the UK [12] . The result could be explained by radon patterns in the spring and fall. In detail, the highest concentrations of radon are found in the winter, followed by the fall, spring, and summer. Meanwhile, the highest outdoor temperatures in Korea are recorded in the summer, followed by the fall, spring, and winter ( Figure 3) .
To further explore correlations between indoor radon and meteorological factors other than outdoor temperature, we considered mean monthly wind speed, which was shown to be inversely correlated with indoor radon from the results of research by Miles [18] . For smoothness of year-to-year variations in mean monthly meteorological factors, 30-year averages were derived from the National Climate Data Service System. Figure 3 shows the monthly variations in outdoor temperature and wind speed over 30 years. To further explore correlations between indoor radon and meteorological factors other than outdoor temperature, we considered mean monthly wind speed, which was shown to be inversely correlated with indoor radon from the results of research by Miles [18] . For smoothness of year-to-year variations in mean monthly meteorological factors, 30-year averages (1981-2010) were derived from the National Climate Data Service System. Figure 3 shows the monthly variations in outdoor temperature and wind speed over 30 years.
The predicted mean annual radon concentration is calculated by multiplying the concentration observed during the month of monitoring by the correction factors as follows:
where denotes the mean annual radon concentration, denotes the radon concentration during the month , and denotes the correction factor, where = 1, … ,12. As mentioned above, indoor radon is correlated with mean monthly outdoor temperature and wind speed [18] . Therefore, radon concentration during the month is given in the following Equation:
= +
where denotes the normalized monthly log radon concentration, and denotes the normalized meteorological factor associated with outdoor temperature and wind speed during the month . We considered as follows:
where denotes the mean outdoor temperature during the month , with the convention = , and denotes the mean wind speed during the month . With the normalized meteorological factor, the radon concentration was more strongly correlated with the meteorological factor than the mean outdoor temperature for detached houses and other residences (r = −0.96 and r = −0.88, respectively). From Equations (8) and (9), the new correction factors are derived as follows:
With the new correction factor, mean annual radon concentration is predicted as follows: The predicted mean annual radon concentration is calculated by multiplying the concentration observed during the month j of monitoring by the correction factors f j as follows:
where C year denotes the mean annual radon concentration, C j denotes the radon concentration during the month j, and f j denotes the correction factor, where j = 1, . . . , 12. As mentioned above, indoor radon is correlated with mean monthly outdoor temperature and wind speed [18] . Therefore, radon concentration during the month j is given in the following Equation:
where n j denotes the normalized monthly log radon concentration, and d j denotes the normalized meteorological factor associated with outdoor temperature and wind speed during the month j. We considered d j as follows:
where T j denotes the mean outdoor temperature during the month j, with the convention T j+12 = T j , and W j denotes the mean wind speed during the month j. With the normalized meteorological factor, the radon concentration was more strongly correlated with the meteorological factor d j than the mean outdoor temperature T j for detached houses and other residences (r = −0.96 and r = −0.88, respectively). From Equations (8) and (9), the new correction factors are derived as follows:
With the new correction factor, mean annual radon concentration C year is predicted as follows:
where C j,k denotes the measured indoor radon concentration starting in j month during the k months.
Results and Discussion
Estimation of Seasonal Correction Factors
First, we estimated monthly radon concentrations from Equations (5) and (7), and calculated the correction factors based on Equations (3), (4) and (9) . Table 5 shows the seasonal correction factors, seasonal adjustment factors, and new correction factors. 
Applying the Seasonal Correction Factors to Data
Then, we estimated annual radon concentrations using the relevant correction factors and the observed seasonal radon concentrations for each season from two national surveys performed by the KINS and NIER. To evaluate the correction factors, we used the difference between estimated and measured mean annual radon concentrations: a negative difference means that the estimated value with a relevant correction factor is smaller than the measured value and vice versa.
Figures 4 and 5 show the concordance between measured and estimated mean annual radon concentrations for detached houses and other residences, respectively. To evaluate the accuracy of mean annual radon concentration predictions in more quantitative terms, we calculated the percentage of estimated mean annual radon concentrations with difference limits of ±10, ±20, ±30, and ±40 Bq/m 3 and tested the equality of two proportions against the alternative that they are not equal by correction factors (Table 6 ). In detached houses, roughly 97% of the estimated values were within ±40 Bq/m 3 of the measured value for all correction factors. In detail, although the seasonal correction factors had slightly better agreement than the new correction factors, except for within the difference limit of ±30 Bq/m 3 , there was no significant difference therein. Meanwhile, however, there was a significant difference in that the new correction factors had better agreement than the seasonal adjustment factors. Thus, we could predict the mean annual radon concentration for detached houses using Equation (2) and use the seasonal correction factors or the new correction factors when indoor radon concentrations are measured for a specific season. Otherwise, we can use Equation (12) and the new correction factors.
For other residences, roughly 85-87% of the estimated values were within ±40 Bq/m 3 of the measured value for all correction factors. Specifically, there was a significant difference in that the seasonal correction factors and the seasonal adjustment factors had better agreement than the new correction factors within the difference limit of ±10 Bq/m 3 . However, there was no significant difference in agreement between the seasonal correction factors and the seasonal adjustment factors, compared to the new correction factors, within the difference limit of ±20 Bq/m 3 or more. Thus, we could predict the mean annual radon concentration for other residences using Equation (2) and the seasonal correction factors or seasonal adjustment factors when indoor radon concentrations are measured for a specific season. Otherwise, we can use Equation (12) and the new correction factors. 
The Annual Effective Dose Model
In the UNSCEAR (2000) report [6] , the annual effective dose by radon is calculated as follows:
where Q is the mean annual radon concentration, F is the equilibrium factor between indoor radon and its decay product, T is the annual residential time, and K is the dose conversion coefficient. Since 2000, the equilibrium factor for indoor and the dose conversion coefficient have been proposed 0.4 and 9 nSV/(Bq·h)/m 3 , respectively [6] . The information about the equilibrium factor for indoor and the dose conversion coefficient before 2000 was presented in the UNSCEAR (2000) report [6] . Since we can predict mean annual radon concentrations with measured indoor radon concentrations, the annual effective dose can be assessed using Equation (13) with the estimated mean annual radon concentration.
Conclusions
In this study, we investigated the predictability of mean annual radon concentrations based on data from surveys by KINS and NIER. Indoor radon concentrations in Korea were highest in the winter and lowest in the summer. Meanwhile, the ratio of winter to summer concentrations differed significantly between detached house and other types of residences. Therefore, we derived the seasonal correction factors, seasonal adjustment factors, and the new correction factors according to housing types. First, we derived seasonal correction and seasonal adjustment factors for each season with estimated monthly radon concentrations using the seasonal variation model based on Fourier series. Second, we investigated correlations between indoor radon and meteorological factors, such as outdoor temperature and wind speed. From the seasonal correction factors for each season and the estimated monthly radon concentrations, we extrapolated the new correction factors for each month.
To evaluate the correction factors, we assessed differences between estimated and measured mean annual radon concentrations. The results indicated that the seasonal correction factors and the new correction factors performed consistently better on the selected datasets than the seasonal adjustment factors. To evaluate the accuracy of mean annual radon concentration predictions in more quantitative terms, we calculated the percentage of estimated mean annual radon concentrations with differences limits of ±10, ±20, ±30, and ±40 Bq/m 3 and tested the equality of two proportions against the alternative that they are not equal by correction factors. Upon doing so, we found that roughly 97% of the estimated values were within ±40 Bq/m 3 of the measured value for detached houses; meanwhile, roughly 85-87% of the estimated values were within ±40 Bq/m 3 of the measured value for other residences. For predicting mean annual radon concentrations for detached houses, we suggest that the seasonal correction factors or new correction factors can be of use when actual measurements of indoor radon concentrations for a specific season are available. Meanwhile, for predicting mean annual radon concentrations for other residences, it is possible to predict mean annual radon concentrations using either one when indoor radon concentrations are measured for a specific season. Unless measured in a specific season, the new correction factors may be more readily applicable.
Since we derived the correction factors according to averages, this study has a limitation in that there were large differences between estimated and measured mean annual radon concentrations in some houses. In other words, the correction factor may not show good performance in some houses with very large or very small seasonal variations. Nonetheless, the new correction factors can be reasonably used to predict mean annual radon concentrations if measurements of actual indoor radon concentrations are available for any period of time. Furthermore, they may be of use for more accurate assessment of annual effective doses.
